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Abstract: Yushu Ms7.1 earthquake occurred on the Ganzi-Yushu fault wne, across which we carried out a 
joint relative-gravity and seismic-reflection survey, and then performed a gravity inversion constrained by the 
seismic-reflection result. Based on the data of complete Bouguer gravity anomaly and seismic reflection, we 
ohtained a layered interlace strocture in deep crust down to Moho. Our study showed that the inversion could 
reveal the interfaces of strata along the survey profile and the directions of regional faults in two-dimension. 
From the characteristics of the observed topography of the Moho basement, we tentatively confirmed that the 
uplift of eastern edge of Qinghai-Tibet plateau was caused hy the suhduction of the Indian plate. 
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1 Introduction 
The Yushu Ms7. 1 earthquake (latitude 33. 2°N, lon-
gitude 96. 6° E) occurred on April 14, 2010 in the 
Ganzi-Yushu fault zone, which horders the Bayan Har 
and Qiangtang blocks. Due to the eastward material 
flow of Tibetan plateau['], this area has many types of 
sedimentary structures , frequent magmatic activities 
and metamorphism, and a complex geological stroc-
ture. The Ms8. 1 Kuulunshao earthquake in 2001 and 
the Ms8. 0 Wenchuan earthquake in 2008 occurred in 
its northern and southeastern boundaries , respectively. 
Studies in this area have shown that the earthquake fre-
quency has gradually increased recently, implying an 
increasingly active trend of crustal movement. 
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Mter the Yushu earthquake, a multidisciplinary geo-
physical exploration, including gravity, seismic , geo-
logical and electromagnetic disciplines , was carried out 
to study the Bayan Har block structure, the seismogen-
ic environment and the earthquake mechanism. Our 
survey profiles of gravity and a seismic reflection were 
along the same road, so it was possible to carry out the 
joint inversion study reported in this paper. Wide-angle 
deep seismic reflection and refraction studies have been 
widely used in oil and mineral explorations, and they 
can be used to obtain reliable velocity information of 
deep-crust interface. Gravity inversion can be used to 
obtain material density in the crust, but it requires ac-
curate location information. By combining these two , 
the gravity inversion results are more controllable and 
the obtained seismic structure of the crust is more relia-
ble. On this basis , we may huild some geophysical 
model to obtain some relatively reliable information a-
bout the geological strncture along the profile. 
Joint inversion is an ideal tool [2 ] ; it has been widely 
used since mid-1970s in geophysical exploration to ob-
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tain meaningful results in oil and gas basin [3J , profile-
structure analysis[4J , and rock-density interpreta-
tion [5) • The applications were mostly in oil develop-
ment and shallow-structure studies, rather than deep 
crustal structure. In this paper, we mainly discuss 
deep-crust interface and fault structures, using gravity 
inversion constrained by seismic-velocity structure. 
31 mgal and from -467 to -521 mgal, respectively. 
The gravity anomalies were higher in the northeast and 
lower in the southwest. From the large gravity-gradient 
zones in the southwestern section of the Bouguer-gravity 
profile , we inferred that there were several deep 
faults[6 J. 
2 Gravity-observation profile 35° 
Yushu is located in the southwest of Qinghai province 
between the Kunlun Mountains (North) and Tanggula 34° 
Mountains ( South ) , where the topography is very 
complex with many steep terrains, especially south-
west of Yushu , at an average elevation of 4000 me-
ters. The gravity-survey profile ( Figs. 1 and 2) was 
33° 
about 500 km long, centered in Yushu, across the 
Bayan Har block and many faults , extending mainly a-
long the national highway G214 (through Riwoche-
Nangqian-Yushu-Chengduo-Maduo from southwest to 
northeast). We had 219 survey points with an average 
interval of about 3 km. 
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Mter making various corrections, including calibra-
tion , drift and tide, with all the gravity data calculated 
on the basis of the WGS84 coordinate system, we 
obtained the free-air and complete Bouguer anomalies 
( Fig. 2) along the profile. They ranged from - 120 to 
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Figure 1 Distribution of gravity-measuring points 
along the profile ( dotted line) 
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Figure 2 Elevation of gravity measurement points in the profile , and its 
free-air anomaly and Bouguer gravity anomaly 
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3 Reflection seismic profile 
Deep and shallow seismic reflection, seismic wide-an-
gle reflection/refraction, and high-resolution seismic 
refraction observation systems are commonly used in 
detecting deep crustal structures. High-resolution re-
fraction system is mainly used in detecting structure 
and fault above the basement , and has the highest res-
olution in studying middle and deep strata. In all of 
these systems large explosions are used as seismic 
sources and the reflected and refracted waves from the 
earth ' s crust at different depths are analyzed with seis-
mic-inversion and tomography technology to reveal the 
crustal structure and tectonic features in terms of veloc-
ity parameters. 
In this study, we used wide-angle reflection and 
high-resolution refraction systems. The deep reflection 
profile was 500 km long, extending along the same 
path as the gravity survey. We used 6 explosions ( 300 
kg -5000 kg TNT) and 280 receivers (Fig. 3). In the 
high-resolution refraction observation , we used 6 explo-
sions (300 -500 kg TNT) and deployed seismometers 
at an interval of 200 m along a 50 km-profile across the 
epicenter area. As shown in figure 4 , the seismic data 
showed Pn, Pl , P2 , P3 , PmP and other phases clearly. 
We processed the seismic signals with some correc-
tion and overlay , and obtained the two-dimensional ve-
locity structure of the crust and upper mantle along the 
profile (Fig. 5) . It may be seen that the low-velocity 
sediment layer is about 5 km thick , that the velocity 
changes irregularly in both dimensions at the depth of 
5 - 25 km, indicating several velocity-anomaly 
regions, and that the velocity increases smoothly in 
layered distribution, which is characteristic of Moho 
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basement, at the depth of 70 - 90 km. This result is 
basically con- sistent with the results of previous stud-
ies. For example," Golmud-Tuotuohe" and "Gonghe-
Yushu" deep seismic exploration revealed a depth of a-
bout 70 km for the Moho basement[ 7J. A crust-velocity 
study in east Qinghai [SJ showed that Qiangtang area 
had the deepest crust , that the depth was as much as 
78 km in Jinsha River, and that Jinsha River rupture , 
as the dividing line of Qiangtang block and Bayan Har 
block , had different depths by about 10 km on different 
sides. 
4 Joint inversion of gravity and seis-
mic data 
Gravity anomaly is associated with anomalous density 
distribution. In an independent gravity inversion, one 
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Figure 4 Seismic-profile data and seismic-phase identification 
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often assumes an average surface elevation , and then 
adjusts the depth or density of different materials to fit 
the observed gravity values. Thus, some other informa-
tion is needed to determine the average elevation and 
there is an inherent non-uniqueness problem in gravity 
mverswn. 
Seismic-velocity structure reflects distribution of 
crustal materials, which can be used as the initial mod-
el of gravity inversion. In such case, we just need to 
make small adjustments of depth or material density to 
Nangqian Yushu Chengduo 
get some reliable results. In this study, we used Tal-
wani' s[9 ' 10 l method involving Parker-Oldenburg's fast 
algorithms for potential field to invert gravity and seis-
mic data jointly. The basic steps are as follows: 
( 1 ) Initialization of Bouguer-gravity and seismic 
profile data 
Gravity and seismic profiles ( Fig. 6 ( a) ) are curves 
along the highway, which reflect deep medium infor-
mation along a strike line ( the solid line in Fig. 6 
(a)) , across the faults. In order to understand the 
Maduo Huashixia Wenquan 
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Figure 5 Two-dimensional structures of the crust and upper mantle obtained by 
ray tracing along Nangqian-Wenquan deep seismic-reflection profile 
Original Profile 
(a) Gravity and seismic profile (b) Schematic illustration of projection 
Figure 6 Gravity and seismic profile projection 
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profile along the strike line, we projected the coordi-
nates of gravity observation point and seismic points to 
the strike line and assumed that they had the same val-
ues before and after the projection. Since we focused 
only on the deep structure along the strike line , we ig-
nored the impact of the medium differencs in the per-
pendular direction. 
After geometric projection, we defined the southwest 
comer of the gravity survey line as the origin of coordi-
nate and the northeast comer as the end , and conver-
ted this geographic coordinate to Cartesian coordinate 
by using a 6-degree grid to get a 614 km projection 
profile. The gravity projection profile was approximate-
ly 540 km and the non-overlapping seismic profiles 
projection was about 500 km. There was a lack of seis-
mic data in the range of 0 - 95 km and a lack of gravity 
data in the range of 540 - 614 km. 
( 2 ) Establishing the initial gravity inversion model 
based on P-wave velocity 
We simplified the velocity structure in figure 5 into 
ten layers with the following velocities from surface to 
Moho basement: 4. 8 km/s, 5. 2 kmls, 5. 7 kmls, 
5. 8 km/s, 6. 29 kmls, 6. 15 kmls, 6. 6 kmls, 6. 7 
kml s, 7. 85 kml s , 8. 04 kml s. Then we calculated the 
density of each layer according to P-wave velocity, u-
sing Nafe-Drake' s empirical density-velocity tranafor-
mation formulas[IOJ : 
~' =2. 51 +0. 27( V -5. O), V <5. 5 , =2. 78 +0. 56( V -6. 0) ,5. 5~V~6. 0 , =3.07 +0. 29(V -7. 0) ,6. 0 < V<1. 5 , =3.32+0.20(V-8.0) ,1.5~V~8.5 
where Vis P-wave velocity and p is density. Then we 
obtain the following layered densities from surface to 
Moho basement: 2. 456 g/cm3 , 2. 56 g/cm3 , 2. 61 g/ 
cm3 , 2. 66 g/cm3 , 2. 86 g/cm3 , 2. 82 g/cm3 , 
2. 95 glcm3 , 2. 98 glcm3 , 3. 29 glcm3 , 3. 33 gl 
em'. In order to reduce the boundary effects on gravi-
ty and to meet the half-space requirements in gravity 
inversion , we extended the gravity inversion model to 
1000 km at both ends 1111 with the same density struc-
ture. 
(3) Gravity inversion by trial-and-error iterative 
The gravity inversion was performed by iterative tri-
al-and-error approach, using Talwani inversion algo-
rithm. We calculated gravity anomalies by using inte-
gral formnla ( 1 ) given by Parker ( 1973) , and Fou-
rier-transformed it to get the fast-forward two-dimen-
sional gravity-anomaly formula (2) 1121 • 
~=GpTI~:I~:Ii:xln(y+r) +yln(x+r)-
. _,( l+r'+rr )lz,IY,Ix, <1 l 
z sm (y+r) lr' +l z, Y, X, 
F(~) = -2 ... Gpe(-Joo) i: k"~ 1 F[h"(x)] (2) 
n=l n, 
Where xl 'x2' yl' y2' zl 'z2 are the spatial locations 
for the body, F ( ~) is the Fourier transform of the 
gravity anomaly, G is gravitational constant ,p is density 
contrast between upper and lower interface , k is wave 
number, h ( x) is depth of interface ( positive down-
ward) , z0 is mean depth of interface. Firsdy, we fiXed 
the layer position and changed density of every layer 
little by litde. Secondly, we fiXed the density and 
changed layer position. By fine-tuning the density and 
layer position iteratively, we calculated the gravity a-
nomalies generated by all the layers , and compared 
them with the observed values. When the difference 
between the two met the error requirement, we 
stopped the iteration. The resultant layer structure 
from surface to Moho basement along strike line is 
shown in figure 7 with the following densities from sur-
face to Moho: 2. 46 g/cm3 , 2. 51 g/cm3 , 2. 52 gl 
em', 2. 65 g/cm3 , 2. 50 g/cm3 , 2. 89 g/cm3 , 
2. 80 g/cm3 , 2. 89 g/cm3 ,3. 0 g/cm3 ,3. 10 g/cm3 • 
Our gravity result is basically consistent with some 
previous fmdings , and the standard deviation is less 
than 1. 5 mgal in the section of 95 - 540 km along the 
strike line. The inversion result shows a range of 62 -
70 km and an average depth of about 66 km for Moho. 
The Moho interface shows a wavy shape from deep to 
shallow along the strike line, indicating uplift of crustal 
basement near Yushu. The results of undnlating inter-
face in other layers are also consistent with previous 
findings 1131 • There are three dislocation boundaries 
near 150 km, 250 km and 540 km ( dashed lines in 
Fig. 7 ) , which correspond well with the Nangqian, 
Yushu and Qingshuihe faults ( Fig. 1 ) . The result 
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Figure 7 Crust and upper mantle structure constructed from two-dimensional gravity-seismic joint inversion 
reveals the internal movement of the Qinghai-Tibet 
plateau caused by the collision of the Indian plate driv-
en by mantle convection. 
5 Conclusions and discussion 
From the results of this study, we may make the follow-
ing conclusions : 
( 1 ) Crustal thickness changes rapidly along the 
Riwoche-Yushu-Maduo profile , with Moho being dee-
per in the southwestern ( 70 km) and shallower in the 
northeastern sections ( 62 km). This result is consist-
ent with results of previous studies on the Qinghai-Tibet 
tectonic block [ 14 ' 15 J • 
( 2 ) The epicenter of Yushu earthquake was in the 
transition area of crustal-thickness change, and at the 
boundary between the Bayan Har block and Qiangtang 
block. 
( 3 ) From the undulation of Moho as well as GPS 
and geological research , our result may be viewed as a 
confirmation that the subduction of the Indian block 
caused the uplift of eastern Qinghai-Tibet plateau , 
Yushu being in the transition zone of the uplift. 
There is an inherent uniqueness problem in gravity 
inversion, i.e. , different stratigraphic models and 
densities may give the same gravity anomaly. As a re-
sult, during the inversion process, the adjustment of 
interface location and density should follow geophysical 
principles and subject to a maximum number of con-
straints. Thus , in the future , we should combine our 
results with results of other deep-exploration studies 
( including geomagnetic studies) and geological surveys 
in order to obtain more detailed information of the deep 
structure in this region. 
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